
Theoret. chim. Acta (Berl.) 16, 303--308 (1970) 

PPP and CNDO Calculations for Protonated Molecules 
MARGARET L. BAILEY* and J. P. M. BAILEY 

Mathematical Institute, University of Oxford 

Received September 22, 1969 

CNDO calculations have been used to obtain the one-centre core integrals for protonated azines 
required in calculating the n ~ ~* absorption spectra of such molecules using the PPP method. Calcu- 
lated spectra for both the parent and the protonated molecules are obtained in satisfactory agreement 
with experiment. The changes in the a-framework of the molecules on protonation are also discussed 
in terms of the CNDO results. 

CNDO-Rechnungen wurden benutzt, um die Einzentren-Rumpf-Integrale f'tir protonierte Azine 
zu erhalten, die bei der Berechnung der n~n*-Absorptionsspektren mit Hilfe der PPP-Methode 
beniStigt werden. 

Die berechneten Spektren ftir die AusgangsmolekiJle und die protonierten Molekiile sind in 
zufriedenstellender Ubereinstimmung mit dem Experiment. Die Vedinderungen im a-Rumpf der 
Molekiile bei der Protonierung werden ebenfalls mit Hilfe der CNDO-Resultate diskutiert. 

Des CNDO ont t6t utilis~s pour obtenir les int6grales de coeur monocentriques des azines proton6es 
n6cessaires au calcul de leur spectre d'absorption n -  n* par la m6thode PPP. Les spectres calcul6s 
pour les mol6cules proton6es ou non sont en accord satisfaisant avec l'exp6rience. Les modifications 
subies lors de la protonation par le squelette a sont discut6es en fonction des r6sultats des calculs 
CNDO. 

Introduction 

Molecu les  con ta in ing  aza-n i t rogens  can become p r o t o n a t e d  under  cer ta in  
exper imenta l  condi t ions ,  resul t ing in shifts in the pos i t ions  of the abso rp t ion  
bands.  A l though  the P P P  n-e lec t ron  m e t h o d  [-1] successfully predic ts  the n~n*  
abso rp t i on  spec t ra  of the pa ren t  molecules ,  difficulties arise in app ly ing  the 
m e t h o d  to the p r o t o n a t e d  species. P r o t o n a t i o n  leads to changes in the o--framework, 
which should  be taken  into  account  in the n-e lec t ron  calcula t ions;  in this work  
it is a ssumed  that  these changes  can be accoun ted  for in the n-e lec t ron  calcula t ions  
th rough  the one-cent re  core integrals  (the core parameters) .  A systemat ic  and  
n o n - a r b i t r a r y  m e t h o d  of  ob ta in ing  these pa r a me te r s  is discussed.  A b s o r p t i o n  
spec t ra  are  ca lcu la ted  using these pa rame te r s  for the p r o t o n a t e d  forms of pyridine,  
quinol ine,  i soquinol ine ,  ac r id ine  and  prof lavine  (3,6-diaminoacridine).  

Method 

The requi red  cor rec t ions  to the P P P  core  pa rame te r s  are ob ta ined  from two 
a l l -va lence-e lec t ron calcula t ions ,  one for the pa ren t  molecule,  the o ther  for its 
p r o t o n a t e d  species. The  C N D O  m e t h o d  [2] was chosen for these ca lcula t ions  
since it is based  on the same formal i sm as the P P P  method ,  with a s imilar  series 
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of approximations and assumptions, thus enabling a direct comparison of the 
re-matrix elements. The formulae for the corrections to the core parameters 
are obtained as follows. 

For a re-type atomic orbital ~b u centred at atom A, the diagonal F matrix 
element is 

Fuu = - �89 + Au) - (QA + �89 - 1))7~ - ~ QB~;AB, 
B C A  

for a CNDO calculation [2], where I~ is the atomic ionization potential, A, is 
the atomic electron affinity, QA is the net total charge at atom A, Pu, is the electron 
density in ~u, and 7AS is the Coulomb repulsion integral between valence orbitals 
on atoms A and B. For a PPP calculation [3J, the diagonal F matrix element is 

Fu u = Uu u 1 + P.uT u- Qv  v, 
V~U 

where Uu, is the core parameter, 7,u is the ? parameter, ?uv is the Coulomb repulsion 
integral between orbitals u and v, and Q~ is the net 7r charge for ~b v. 

The required change A U,u in the core parameter is obtained by comparing 
the A F,  u from the CNDO and PPP methods, where the A quantities refer to 
the difference between the parent molecule and the protonated species: 

A U,u = - (A QATAA + �89 P~u(TAA + 7uu)) + Q~+ 7AH+ (A) 

- F, AQBTA + 
B = ~ A , H  + u ~ v  

where H § refers to the protonating hydrogen, and ~H§ is the net charge on this 
hydrogen. If the Coulomb repulsion integrals are assumed to be the same for the 
two methods, formula (A) simplifies to 

A Uuu = Q~+ ?An+ -- ~, A QgTAB (B) 
B : ~ H  + 

where Q~ is the net a charge on atom B. Both formulae (A) and (B) are considered 
in calculating A U~u. 

Computer programs were written to perform the CNDO and PPP calculations. 
For the CNDO calculations, performed using the parameters of Pople and Segal 
[2], only the geometry of the parent molecule was specified, together with the 
coordinates of the protonating hydrogen; the geometry of the protonated species 
was assumed to be the same as that of the parent molecule. The geometry of 
pyridine was taken from a determination of its structure by microwave spectros- 
copy [4]; the geometries of the other molecules were estimated by using the 
geometry of pyridine for the nitrogen-containing ring. The N - H  § bond length 
was taken as 1.03 A [5]. 

The spectra were calculated using a version of the PPP method in which 
the off-diagonal core matrix elements are calculated from the gradient of the 
corresponding overlap integrals [6]. The core parameters were obtained by 
stlbtracting the correction A Uu~ from the usual core parameters; these, together 
with the other parameters required are given in set B and set 1 of Table 1 in [6]. 
All possible configurations constructed by promoting a single electron from an 
occupied to a virtual level were included in the configuration interaction calcu- 
lations. The oscillator strengths were calculated by the geometric-mean method [7]. 
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Results and Discussion 

Table 1 presents the calculated spectra for pyridinium and acridinium cations 
obtained using the core parameters calculated from both formula (A) and formula 
(B), together with the experimental absorption spectra. Either formula leads to 
a satisfactory interpretation of the observed spectra. In Table 2 are presented 
the calculated and experimental absorption spectra for both the parent molecule 
and the protonated species, the latter being obtained with the simpler formula (B). 
Overall, the agreement between the calculated and experimental spectra is 
satisfactory for the positions of the bands. 

Quinoline shows an interesting feature in that the first and second transitions 
are reversed on protonation. In quinoline itself, the first transition has dominant 
contributions from configurational wavefunctions )6,-~m+ 2 and Zm- 1 -~m+ 1, where 
m is the highest occupied molecular orbital; the second transition consists pre- 
dominantly of wavefunctions Z,,-.m+l and Zm-l~m+2" In quinolinium cation, 
the lowest transition is dominated by Z,,-,,+ 1, whereas the second transition is 
mainly X,,- 1 ~m+ 1. The m + 1 molecular orbital is quite different in quinoline and 
quinolinium cation, although the other three molecular orbitals are similar. 
Another experimental study [11] has shown that the 1L a transition at 4.59 eV 
is lowered to 3.66 eV on protonation, as predicted by the calculations. 

The configuration interaction pattern is complex in both isoquinoline and 
isoquinolinium, no correlation being found between the parent molecule and its 
protonated species. The second transition in isoquinoline and the first transition 
in isoquinolinium cation both have )6,-,,+1 as a dominant contribution, which 
is the same pattern as is shown by quinoline and quinolinium cation, but the 
molecular orbitals differ more in the isoquinoline pair. Isoquinoline is different 
from the other molecules studied in the relative position of the nitrogen atom 
in the ring. 

Table 1. Calculated and experimental absorption spectra of pyridinium and acridinium cations 

a ~ b a expt b 

Pyridinium cation [5] 
4.75 (0.12) x 4.79 (0.12) x 4.8 (N0.I) 
5.72 (0.04) y 5.44 (0.07) y 5.5 
7.09 (0.53) y 7.13 (0.51) y 
7.26 (0.20) x 7.13 (0.23) x 
Acridinium cation [8] 
3.27 (0.04) y 3.09 (0.03) y 3.08, 3.21 
3.72 (0.48) x 3.40 (0.44) x ~3.50, 3.67, 
3.76 (0.01) x 3.75 (0.07) x (3.83 
5.20 (0.03) y 4.97 (0.04) y ~4.86 
5.26 (0.30) x 5.25 (0.22) x (5.05 
5.55 (0.02) y 5.42 (0.03) y 
6.00 (0.36) x 5.87 (0.45) x >5.7 

a Calculated using core parameters obtained from formula (A). 
b Calculated using core parameters obtained from formula (B). 

a All energies are in eV; oscillator strengths are given in brackets. The y-axis passes through the 
aza-nitrogen and its para-carbon, the x-axis lies in the molecular plane perpendicular to the y-axis. 

b Experimental maxima are in eV; inflections are given in italics. 
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Table 2. Calculated and experimental absorption spectra of some azines and their protonated species 

Neutral molecule Protonated molecule 

calc a expt b calc a expt b 

Pyridine [9] 
4.91 (0.021) x 4.93 (0.032) 4.79 (0.12) 
6.25 (0.003) y 6.28 (0.122) 5.44 (0.07) 
7.14 (0.50) x ]  7.13 (0.51) 
7.16 (0.57) y~ 6.96 (0.66) 7.13 (0.23) 

Quinoline [9] 
4.13 (0.03) 3.96 (0.025) 3.10 (0.05) 
4.41 (0.08) 4.59 (0.12) 3.93 (0.19) 
5.66 (0.53) 5.51 (0.54) 5.16 (0.21)~ 
5.96 (0.10)~ 6.08 (0.93) 5.44 (0.05)J 
6.09 (0.32)J 5.98 (0.21) 

Isoquinoline [91 
4.11 (0.03) 3.91 (0.02) 2.82 (0.05) 
4.54 (0.06) 4.66 (0.11) 3.99 (0.03) 
5.75 (0.56)~ 4.98 (0.44) 
5.81 (0.01)) 5.75 (1.02) 

6.00 (0.47) 5.16 (0.13)~ 
5.63 (0.28)J 

Acridine 

3.46 (0.07) y 
3.69 (0.07) x 
4.39 (0.01) x 
5.11 (0.001) y 
5.12 (1.31) x 
5.19 (0.06) x 
5.70 (0.01) y 

Proflavine 
3.22(0.02) y} 
3.23 (0.25) 
4.17 (0.13) x 
4.39 (0.004) y 
4.86 (1.13) x 
5.00 (0.005) x 
5.16 (0.15) y 
5.45 (0.01) y 
5.56 (0.01) x 

[5] 
x 4.8 (~0.1) 
y 5.5 
Y 
X 

[10] 
see text 
3.96, 4.04 

5.25, 5.31 

[10] 

3.73, 3.81 
4.35, 4.53, 
4.66 

5.48 

[8] [8] 
3.26 3.09 (0.03) y 3.08, 3.21 
3.39, 3.50, 3.40 (0.44) x J'3.50, 3.67, 
3.58, 3.67 3.75 (0.07) x (3.83 
3.83 4.97 (0.04) y ~'4.86 

5.25 (0.22) x (5.05 
4.98 5.42 (0.03) y 

5.87 (0.45) x > 5.7 

[8] 
2.74 (0.68) x 2.79 
3.43 (0.007) y 
3.94 (0.07) y 
4.01 (0.00) x 
4.47 (0.13) y 4.47 
4.70 (0.003) x 4.75 
5.18 (0.04) y 
5.50 (0.001) x 
5.65 (0.53) x} 
5.72 (0.25) 5.87 

[8] 

3.14 

4.25 
4.40 
4.73 

" All energies are in eV; oscillator strengths are given in brackets. The y-axis passes through 
the aza-nitrogen and its para-carbon, the x-axis lies in the molecular plane perpendicular to the y-axis. 

b Experimental maxima are in eV; inflections are given in italics. 

For both acridine and proflavine, the first transition shifts to lower energy 
on protonation.This transition arises from the Zm-~m+ 1 configuration for acridine; 
in proflavine, however, the molecular orbitals change extensively on protonation, 
and it is difficult to find any correlation in this case. 

The C NDO calculations show that the characteristic n level of the azines, 
that is the a-type molecular orbital largely localised on the aza-nitrogen atom, 
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Fig. 1. a and n electron densities from CNDO calculations 

loses its n character on protonation, and is lowered in energy relative to the 
highest occupied zc level. CNDO configuration interaction studies of pyridine and 
pyridinium cation indicated that the energy of the first o- ~ re* transition increases 
markedly on protonation. In pyridine, 0.67 of the a-electron in this cr--,zc* (n~ re*) 
transition comes from the nitrogen atom, whereas for pyridinium cation only 0.06 
of the o--electron comes from the nitrogen, with the remainder contributed about 
equally by the five carbon atoms. 

The CNDO calculations indicate that the protonating hydrogen is nearly 
fully bonded into the aromatic system. The bond orders between this hydrogen 
and the adjacent nitrogen are virtually the same as in pyrrole. The net charge on 
this hydrogen atom, which varies from 0.20 in pyridinium cation to 0.16 in pro- 
flavinium cation, is not much greater than the corresponding value for pyrrole, 
namely 0.10. The o-- and ;c-electron densities obtained from the CNDO calculations 
for pyridine and acridine, and their protonated species, are presented in Fig. 1; 
values are also given for pyrrole for comparison. The o-- and ~-electron densities 
of the nitrogen atoms in the protonated species are seen to be intermediate 
between those of pyrrolic- and aza-nitrogens. On protonation the o--electron 
system has a resultant charge of + 1. As would be expected, the calculations 
indicate a large change in the ~ density at the nitrogen atom, with relatively small 
changes elsewhere. About 70% of the additional charge is localised within the 
> N -  H group; there is virtually no change in the cr densities at the carbon atoms 
adjacent to the aza-nitrogen. Although the total additional charge localised 
within the > N - H  group is about the same in all the molecules studied, there 
are significant variations in the two contributions Q~+ and A Q~. For the remaining 
atoms the z~ densities change more on protonation than the o- densities. 

The CNDO calculations enable a discussion of suitable representations of 
the > N - H  group in such systems. Neither the electrostatic model > N :  H + nor 
the covalent model > N  § - H  is in accord with the CNDO results. Since this 
Work was completed, a paper on protonated molecules has been published [-12] 
in which two alternative models were proposed to represent the > N - H  group. 
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M o d e l  1 of  [12] co r r e sponds  to the covalent  model ;  in mode l  2 the resul tant  + 1 
charge is d iv ided evenly between the p r o t o n a t i n g  hydrogen ,  the p r o t o n a t e d  
n i t rogen and its two ad jacen t  ca rbon  atoms.  The present  work  indicates  that  
ra ther  more  of this charge  should  be a l loca ted  to the n i t rogen a tom,  with the ad-  
j acen t  ca rbon  a toms  receiving less, so tha t  more  a p p r o p r i a t e  a - f r amework  core 
charges might  be 0.25, 1.50 and 1.125 for the hydrogen ,  n i t rogen and ca rbons  
respectively.  

Conclusion 

By employ ing  bo th  the C N D O  and P P P  methods ,  a sys temat ic  m e t h o d  has 
been found to in te rpre t  the a b s o r p t i o n  spect ra  of  p r o t o n a t e d  azines. This a p p r o a c h  
is not  l imited to p r o t o n a t e d  molecules,  and  may  be of value for o ther  cases in 
which the P P P  core pa rame te r s  canno t  be deduced  easily. 
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